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. INTRODUCTION

A. NERVA PROGRAM

As the nome implies, the overull objective of the NERVA (Nuclear Engine for Rocket
Vehicle Applications) progrom is the development of a solid-core nucleor reactor-powered
flight engine for space vehicles. The specific impulse odvantages of such a system over
chemical-powered rockets, especially in the vpper—stages of an interplanetary mission vehicle,
have been well documented in other places and require nc discussion here. The NERVA
program, which is currently in progress, is a continuation ond extension of the KiWl series of
tesis performed by the Los Alomos Scientific Loboratory. Both the KIWI tests and the present
NERVA tests utilize the test facilities at the Nuciear Rocket Development Station (NRDS) at
Jackass Fiats, Nevada.

Specifically, the objectives of the NERVA progrom are as fcllows:

1) Design ond develop a solid-core nucieor reactor for use in technology development
wi ich may later be applied to a flight engine.

2) Demonstrote the feasibility of the reactor ond engine operation through ground test-
ing pnases.

3) Develop the necessory facilities, logistics plonning, and experienced personnel for
performance of the NERVA progrom and as a basis for future ohases.

B. SUMMARY OF PREVIOUS REACTOk TESTS

The reactor tests performed to date in the NERVA development program are the NRX-A]
cold flow test series (mfueled graphite core, Reference 1), the NRX-A2 power test series
(Reference 2), ond the NRX-A3 power test series, the resulfs of which are presented in this
report. !n addition, the NRX-A1 reactor assembly is being used in the Cold Flow Development
Test System (CFDTS), for studies of the hot-bleed, or "boorstrap”, system in nuclear rocket

engine design (Reference 3).



@l

WANL-TMR-210

The primary objectives of each of the above test: have been achieved and were as follows:
T NRX-Al

a) Verify reactor structural integrity under fuil pressure drop loadings

b) Obrain recctor performance data under ambient and cold flow conditions.

2 NRX-A2
a) To provide significont information for verifying the steady-state design analysis

for power cperation

b) To provide significant information which wi'l aid ir assessing the svitability of
the reactor fo operate at the steady-state power leve! oand temperatures required for the reactor
to be a component of on experimentcl engine system.

3  NRX-A3

a) To operote ot full power for fifteen minutes with margin for operation at full
power for a period of five minutes after restart,

b) To shut down ond cool down on liquid hydrogen.

c) To stort up from a low-power low-flow steady-state operating zonditicn ond to
shut down from a medium power level or .iquid hydrcgen flow controi only.

d) To check the stability of certain new control concepts.

e) To determine the acceptubility of design changes and modifications to this test
article.

f) To verify the limits of the predicted steady-state power flow operating map up
to medium power.

4 CFDTS
o) Evaluate the effect of system paramerers during early stages of “bootstrap"

startup of future tests, i.e., NRX/EST ond XE-engine {flight-configuration down-firing engine)

tests.
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b) Obtain closed~cycle system performance dato under ambient and cold flow

conditions.

Ouring the NRX-A1 tests, there was no eviaence of large, low frequency vibrations
(vhich had occurred in the KIWI reactor series), either forced or self-excited, which would
imply possible dynomic instobility in the reactor assembly. The absence of these vibrations
verified the adequacy of the design of the core support structure. Post-operative examina-
tion revealed few signs of the effects of testing on the reactor components,

The NRX-A2 reactor was operated for seven minutes at an average power level of 813
megawatts. The liquid hydrogen flow rate averaged 75.6 + 1.5 Ib/sec. During the seven
minutes the power reached 1096 + 50 megawotis for 40 seconds, which verified the ability
of the reactor and nozzle to withstand the environment at full power. The specific impuise
ot the full-power hold was 745 + 18 seconds (corrected to vacyum), and the thrust was 55, 500
pounds. During the test series reactor stability was demonstrated with constant control drum
position for propellant flow rates between 5.2 and 13. 5 Ib/sec in the power range of 2.C to
4.7 percent of full power (1120 megawatts). The fixed control drum :est demonstrated the
feasibiiity of controlling the reactor on prope!llont flow only. Another test was performed with
flow rates between 8.3 and 13.5 Ib/sec on dewar pressure alone (no pump operating) at a constant
3.4 percent of full power.

Overall fuel and groghite component behavior was gererally vs expe-ted. However, os
c result of observed corrosion in certain discrete areas, design changes were made in the

NRX-A3 to prolong fuel and graphite endurance.
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iIl. SUMMARY

The NRX-A3 test series was completed in May 1965, at the Nuclear Rocket Development
Station (NRDSj. The test series was comprised of seven experimental plans (EP's), which were
intended to bring the NRX-A3 in a series of low-flow, low-power tests to a full design power
test. During EP-IV, after 3.5 minutes of full power (1120 megawatt) operation, an unplanned
automatic shutdown occurred, which subsequently resulted in overheating of the core tie rod
assembly. It is believed that a loose electrical connection in the turbine overspeed circuit
was the cause of this shutdown. A cor ehensive review of all the test dato indicated that
the reactor was not damaged, and a decision was mode to continue the tests with a full power
restart,

During EP-V, the revctor was operated fo. 16 minutes, 13. 1 minutes of which were ot
full power. The total integrared operating times for EP-1V and EP-V was 22 minutes, with
16.6 minutes at full power. The spezific impulse achieved at the full pow: - hold was approxi-
mately 750 seconds, corrected to vacuum conditions, while the caiculated thrust was 53, 400
pounds.

The reactor was started a third time curing EP-V; primarily for medivm power mapping and
controls tests. A significant feature of these tests was o fixed control drum position test in
which the reactor power was controlied with the propellant flow rate onls:  The results were in
excellent ogreement with the predictions. This lest showed definitely that the reactor is
inherently stable on liquid hydroger flow control only, which is a major step in the simplifica-
tion of controls for future NERVA systems.

Post-test disassembly and examination, confirmed analyses tnat the core structural system
had not been dan:agec by the full-power shutdown transients, and that the restarts had not
jeopardized reactor integrity or safety. Analyses of the fuel material pointed up specific areas
where additional design work and future development should be emphasized in order to achieve
the eventual core lifetime necessary to meet future objectives.

In summary, the reacror system as a whole performed extremely well. In addition, the experi-
menta! data agreed with analytical predictions so well that confidence in predicting the behavior

of NERVA systems over wide ranges of operating conditions has been increased appreciably.
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ll. TEST DESCRIPTIONS

The NRX-A3 was tested at the Test Cell "A" (TCA) facility of NRDS. This test cell
complex includes the gas storage (hydrogen, nitrogen, and helium), liquid hydroger (LH2)
storage, piping, and contrcls systems necessary to complete a test series for the NRX-A size
reactor and test ass»inbly. The controis are located approximately two miles from the test
cell. Figure 1 is a very simplified sketch showing the key TCA sysiems used. The frontispiece
is @ photograph of NRX-A3 located on the test car and cennected to TCA.

Figures 2 and 3 show some detail of the reactor mechanical configuration. The reactor
system inside the pressure vessel consists of 1626 fueled elements, which make a 132-centimeter
long cylinder opproximately 44 centimeters in radius containing 172 kg of eariched uranium.
About 24.5 percent of the 796, 000 cm3 core volume is coolant channel void (which includes
30, 600 axial cooiant holes in the fueled graphite), while approximately 14 percent is unfueled
graphite. The fueled graphite elements contair, 0.417 gm/cc of uranium (enriched to 93.5 w/o
U-2353) in the central 70 perzent of the core and the concentration decreases in six steps to
0. 136 gm/cc of enriched uranium at the oeriphery. Surrounding the core's cylindrical - -face
is @ 5.3 centimeter thick graphite barrel. Next is a beryllium reflector 11.7 centimeters
thick containing 12 beryllium control drums of radius 5.2 centimeters, eack of which has o
boron-aluminum poison vane that moves toward or oway from the co-e center as control drums
are rotated. After manufacture, the core reuctivity was odjusted with shims to yield a pre-
dicted cold critical drum position of approximately 90 degrees (reference 4). The core contained
836 positive reactivity graphite shims and 388 negative reactivity TaC shims. A more detailed
description of the reactor can be found in references 5, 6, and 7. Throughout this report specific
core locations are referred to by "Station Number" which defines the nominal distonce in inches
from the dome or cold end for the core.

Prior to testing, the reactcr was shipped to NRDS from the assembly facilities of the

Westinghouse Astrcnuclear Loboratory, located a- < arge, Pa. During shipment the reactor
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contained 6990 84C poiscn wires used to protect agoinst inadvertent critice lity. Assembly
of the reactor into the pressure vessel, removal of approximately 90 percent cf the poison
wires, instaliation of the nozzie, mounting on the test cai, and other assembly operations
were performed at the Reactor Maintenance, Assembly, ond Disossembly Focility (R-MAD
at NRDS. Tronsfer to TCA from R-MAD on special railroad tracks was performed using o
special remote co~irolled engine. Reterence 8 describes in detail the assembly operations.

The basic confrols systems used throughout the test series as weli o3 certcin new controis
concepts which were evaluated are described in Section 1V.D.

The NRX-A3 test series wos conducted between Apr:i 7, 1965, ond May 26, 19053,
inclusive, ond consisted of sever experimental plons (EP*s). An experimentol plon, in
general, defines the tests to be performed during a given time perind which is usually one
day. The individual tests ore designed to carry out the requirements of the NRX-AJ Test
Specification (reference 9). Each experimental pion is described below. Detailed resuits
of the tests gre described in Section 1V,

A. EP-1, INITIAL CRITICALITY AND FLCW TESTS

During this EP, tests were performed to investigate bosic nuclear, propeliont, and controls
character stics of the reactor system. Specific tests mvolved were as foliows:

1) Initial Criticality was achieved and the remoining poison wires removed. Basic
reactivity data ond subcriticcl multiplication data were acauired.

2) The frequency response choracteristics of the neutronic power control system were
determined and the controi drum scrom time measured.

3) Tasts were performed to check for proper operation of the various key reactor protective
devices. These devices include fixed power scram, reoctor perioc scram, flooting power scram,
reriod limiter and power limiter.

4) Three ambient gaseous flow lests, two with gaseous hydrogen (GH2) and one with
gaseous nitrogen (GNZ)' were performed to determine the reuctivity effects of (1) GH2 and
(2) core bundling forces; to check predictions on propellont characteristics of the systems; and

to check response of the various pressure tronsducers.

n
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5) Two liquid hydrogen flow tests were performed to verify revised prediction: relared to
startup protiles, to check response of certoin instrumentation channels, and 1o evoluate the
soerational techniques with LM2 pulse cooling plonned for use following high power runs.

Throughout the performonce of this EP ail systems operoted sotisfoctorily. The period ond
power iimiter cir_ st were being checked out for the first time. Following this checkout, it
was decided 1o use aaly the power limiter for *he remaining rests. The gaseous ond liquid
flow tests, which were composed of borh transient and steody-state operotions with the reoctor
operating at aporoximctely one {1) kw, verified that the flow charocteristics of the test
asse:nbly were very near the predicted values and indicated satisfoctory operations of tronsducers.
The “cold critical * control drum bank position was 87 degrees compared with a predicted
90 degrees.

B. EP-ii, POWER CALIRATION (PHASE 1) AND CONIRCL DRUM WORTH TESTS

The primory objectives cf these tests were (1} io determine the power level calibrotion
of the restronics chonr.2ls used in the controls system and (2) 10 obtain additional control drum
reoctivity worth cato.

Duwsing *he power caiibretion phase, vronium ~ aluminum wires located in the central core
region were irrogdiated whiie operating the reactor at approximately 10 kw for 20 minutes.
Subsequently these wire; wers radiochemically analyzed for total fission determination and the
resclts, coupied with power distribrstion data developed during critical axperiments ot WANGTF
{reference 10), used to colibrate the neutronics chonnels.

The differenticl reactivity worth of one (1) control drum was measured over its entire
ronge from 0 degiees to 180 degrees (full-in to full-out). Integral reactivity worths of
‘ndividual control drums were measured from the “critical™ position to full-out ond from the
full-in to the full-out position using the positive period technique. The integral worth of
each drum was also measured from the fuli-out to the full-in position using the "rod-drop”
rechnique.

12
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Results of these tests revealed that the reactivity characteristics of the reactor were

sufficientiy near predictions tc sermit performonce of the plonned power tests.

C. EP-1Il, NEUTRONICS CALIBRATION (PHASE '), LIQUID HYDROGEN FLOW TEST AND
SCALED-DOWN POV ER TEST

During this experimental pior additionai LH2 fluw tests were performed, the flow shut-
dowr. x *ezicn system (Section IV.D.j was tested. the reutronics system delez’or positions
odjusted, ond a scslec-down full power test performed.

Following EP-1I *he !.H2 * xbo-pumo was refurbished requiring that its performonce be re-
evaluoted. LH2 flow tests were performed during EP-11], to provide the necessary data for this
re-eaivation, to arovide finci informotion on valve sequencing during initic! phases of power
test start~yg, and io xovide odditional infernation on the performance of the flow snutdown
protection system,

Based on the power caiibrotion data oblained during EP-I1 the neutronics detector positions
were odjusted with the reoctor operating at neor 100 kw.

A scaled-down full power test was also performed to check: out the progrom« d profiles,
systems, procedures, and personnel. This test served as a dry run in which cii viuves were
operated except those which would re’zase high pressure gas or LH,. The actual full power
test power demond orofile was used, but with the cemard power reduced by a factor of 1000

by rhe forwar positioning of the neutronics sensors.

D. EP-1v, FULL POWER TEST

This test was performea with ¢ start-up ramg designed to effect a 50°R/sec rate of increase
in ~ozzle chamber temperature, with holds at 50 percent ond 80 percent power for neutronics
system colibration ¢ ‘ecks, and operation at full power (1120 mw) planned for o duration of
time permitted by the facility U-l2 and GH2 supplies. The power ramp was preceded by an
automatic reactor startup (Section IV.D.) tc 50 kw. Throughout the power test, time~based

Jdemand schedules for Ll-l2 flow rate, neutronic power, ond reactor core temperatures were used.

13
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These controls s ste: ¥ are more fully described in Section IV_D. During startup the LH2 flow
was demanded on a (.88 lb./secz ramp. A nomincl neutronic power calibration correction was
moade during the 30 'x:rcent power hold.

Aftre: 203 second: at fu!l power a spurious spike in the turbo-pump RPM chonnel coused
a flow shutdoren and ¢ :rom followed by automatic introduction of GH2 from the high pressvre
gas supply theouch v¢ ve PCV—41. This sytem is designed to provide adequate cooling for the
test assembly u-der sy -k conditions. This confrol system performed as expected from the
controls point ¢~ view, however, a chorocteristic of the piping system, not accounted for by
the control circuit, cuused insufficient cooling for the reactor tie rods during the gas flow
phase. Control of the GH2 system: was switched to monual and GH2 flow adjusted so that the
tie rod temperatur s were reduced ond held within established limits.

Subsequent dota anaiyses indicated the maxinum averoge tie rod material temperature
reached during the tremsient was opproximately 2070°R with o comesponding maximum individual
tie rod temperature of 2503°R. A test limit of 1200°R hod been estoblished for the average tie
rod exit gas temperatures. Tie rc riners reached o moximum temperature of 2800°R.

The proboble cause: for the RPM overspeed trip which initioted the shutdown was attributed
to a loose terminal lsczted in o power supply associcted with the RPM circuits.

Reactor and system: perform. nce prior to the spurious shutdown wos os predicted. Core
temperatures ard pressues were in agree- ent with predictions.

E. EP-1li-A, FLOW TEST ANC SCALED DOWN POWER TEST

Detviled data analyses fuilowing EP-1V indicated that the reoctor core was capable of o
re-start to full powerar a GH2 test was carried out in this EP to determine the pressure drop
characteristics of the core for comporison with EP-11l doto ond check out the flow shutdown
pro*ection syst 7. which tad been mocd.tied since the EP-{V full power run. These tests indicated
that the test assembly was capobie of performing on odditional fuil power test.

A second scoled dov -~ uwer test was also performed during this EP in preparation for the

following full power 1 st,

14
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F. EP-V RESTART FUL. POW/ER TEST

The startup to full power for this test was performed in the some monner as for the EP-IV
full power test. After approx:mately 16 minutes ot power, of which 13.1 min were at full
power, the run was terminated upon reaching the limit established for LH2 usoge. A normal
sautdown, consisting of a nominal ~50°R ‘sec ramp was used. Following shutdown I.H2, GH2,

GN2 ond LN2 were used to complete the cooldown.

G. EP-VI ALTERNATE STARTUP MEDIUM POWER TEST

This experimental plan was performed to investigate operations which differed from those
normolly used in the performonce of full power testing and involved the checkout of certain
new control schemes. In generai, the tests were performed to:

1) Experimentally map the $1.00 net reactivity feedback line and 1000°R tie rod
temperature line of the steady-state power-flow operating map (figure 4) for nozzle chomber
temperatures up ‘o 2500°R.

2) Operate in the medium power ronge with control drum pasition fixed and power level
changes accomplished by vorying only Ll'l2 propeliont tlow rate.

3) Check out new controlier concepts am. obtain dynamic transfer function data.

Since the primory test series objectives were to estcblish the test assembly chorocteristics
for long durations at full power, this EP was deferred until after the completion of the full
cower tests. In oddition, the marimum aliowable temperatures were restricted to o nozzle
chomber temperature of 2500°R in order to minimize further core corrosion which might mask
the corrosion effects of the full power runs.

During the mappir.> test the reactor power and propellont flow rates were varied while
experimentally determining points on the 1000°R tie rod line and the $1.00 net reoctivity
feedbock line. During this test, the newly insialled temperoture limiter circuit wos checked out
ond found to operate satisfoctorily. Figure 4 shows a comporison of predictions with experimental
dato.

15
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Of special interest were the experiments performed with control drum position fixed.
With the reactor operating at 1 mw and only a purge flow of GH2, the control drums position
was fixed ond LH2
corresponding power level increase to about 35 mw.

Later in the EP fixed drum control position was established at about 45 mw and 10 Ib/sec

flow rote was monually initiated and increased to 7.5 lb/sec with a

LH2 flow rate. From this point the propellant flow rate was progrommed on a 0.88 Ib/sec2
ramp to 45.2 Ib/sec which resulted in a smocth power level increase to a nominal 340 mw.
The flow rate was reduced to 20 tb/sec on a -0.88 Ib/sec2 rcmp resulting in o power level
decrease to 95 mw.

Figure 5 shows the LH2 flow and corresponding reoctor power as a function of ..me.
Figure 6 shows the actual path followed on the power-flow operating map. Subsequently a
power level odjustment was made and a number of frequency response measurements were
performed on voricus controllers including o new nozzle chamber pressure controller
(reference 11).

18
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IV. TEST RESULTS

A. THERMAL AND FLUID FLOW

This section contains a discussion of thermal and fluid flow aspects of the NRX~A?2 tests.
Generally, good agreement exists between predictions and results for thermal and fluid
behavior both at steady-state and transient conditions (reference 12). Predicted values for
nozzle, reflecror, and core pressures and temperarures, reactivity feedback, and specific
impulse as a function of reactor power level for a family of propellant flows, as well as startup
and shutdown transients are given in reference 5. Temperature, pressure and hydraulic
calculational methods and predictions cun be found in references 5 and 6. Reference 13
provides a summary of pretest predictions for each significont test,

1 TRANSIENT BEHAVIOR

In general, good agreement was demonstrated between pretest predictions and test

results for the transients associated with startup to and shutdown from full power.

Of interest, however, are (1) control drum bow whict occurred during the reflector
cooldown tronsients at the beginning of the ramp to power, (2) inner reflector temperature
rise during steady-state operation at full power, and (3) reactor behavior during ond following
the fiow shutdown which terminated EP-1V.

Control drum bowing and torsional rubbing resulted during reflector cooldown in the
first power test EP-]V, because of large diametral temperature gradients across the drum,
occurring during the transient startup. The control drum bow and the resulting high torques
required for movement are functions of reflector and drum initial temperatures and their cooldown
rates. This condition did not, however, result in reactar control problems for this test. Additional
«learance to prevent rubbing has been incorporated into NRX/EST,and @ more symmetric con-

trol drum, which would eliminate this problem. is designed for incorporation into NRX-AS,

CONFIVENTI1A -
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Experience from the NRX-A2 and KIWI-B4E tests indicates that the inner retiector
temperature increases during operation, because its thermal conductivity is decreased by fast
neutron irradiation. Data from the NRX~A3J test indicated that the rhermal conductivity
returned to its initial value between EP-1V and EP-V. Additional data and analysis is needed
to predict the inrer reflector temperature for continuous firings of fonger duration.

After approximately 203 seconds at essentially full power during EP-1V, a spurious
pump overspeed trip initiated a flow shutdown, which scrommed the reactor and supplied gaseous
hydrogen coolant to the reactor through valve PCV-41. The gaseous hydrogen flow rate was
insufficient for approximately six seconds causing the core tie rods and tie rod liners to exceed
their operating limit. The maximum tie rod and tie rod liner metal temperatures were
estimated *c be 2503°R and 2800°R respectively based on a measured mean temperature.
Subseauent use of analytical models and laboratory tests indicated that @ minimum of structurai
tie rod damage had occurred and that the reactor retained sufficient capability to achieve a
restart to full power operation without undue risk. This analysis was confirmed by the subsequent
performance of successful power and mapping tests (EP-V and EP-VI) These analytical models,
supported by laboratory tests, have proven to be sufficient to define the reactor struct:ral
system during severe transients and to provide a valid basis for judgements of reactor conditions
following abnormal transients.

Cemonstration of a stable power response to propellant flow changes with control drums
position fixed was accomplished in EP-V of NRX-A2 and EP--VI of NRX--A3. For a discussion of
the NRX-A3 test and graphical illustration of the test results, see Section Ill.G. of this report.

2 STEADY-STATE BEHAVIOR

During the various flow and power tests of this test series, the system temperatures and
pressures were in agreement with pretest predictions. Analysis of pressure data from the gaseous
flow tests performed in EP-| indicated agreement between measured and predicted system and
reactor pressures. Table 1 shows a comparison of various system parameters with predictions
during the three power holds for the first full power test (EP-1V).

Of prime importance in the long range development of NERVA reactor cores is a

detailed understanding of temperature distributions throughout the core. Thermocouples located
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in the urfueled graphite ciements are the primary source of temperature geterminations during
the tesi series. Thermal capsules located at the hot end of the core, however, provide the
best indication of maximuem temperaiues in the unfueled elements. Consideration must be
given, both from temperature control and diagnostic aspects, to the foct that thermocouples
iocated in the unfueled moduies throughout the core indicate a considerably higher temperatire
than temperature of the fuel itseif for two reasons: (1) high radiation heating in the senscr and
in the unfueled module contoini 5 the sensor and {2} gaps between the sensor and the unfuelec
module, and between the unfueled module and the fuel elements. In NKX-A3, the thermel
ccpsule and thermocouple data exhibit good cgreement. The calculated value of maximum
fuel temperature at core centerlire agreed within 35°R of the 4600°R obtained from regression
analysis of measured daia.

Deviations from the anticipated radial temperature distribution were observed and were
attributed to the inlet iemperature being lower thon expected (225°R vs. 250°R) and to the
control drum bank operating at an angle other than that for which the core had been orificed.

Station 20 thermocouples indica*2d an increasing temperature with time at full power.
This is sitributed to ir" "rstitial mid-band corrosion, which increased the gap between the centrcl
unfreled element that contains the thermocoup!es and the fueied element. The slowly increasing
gap reduced the hear transter away from the thermocouple, causing its temperature to rise with
time at a constant power ievel.

The tie rod exit gas temperatures, calculated after the tests from ovailcble data, were
lower tnon values measured during ooeration. The variation between calcuiated end test values
are ottributed primarily to the use of lower vaiues of thermal conductivity of the insulating sleeves
than actuoliy exist in the test environment. Testing is in progress to confirm this point.

The EP-VI mapping test indicated that large asymmetries in hydrogen flow and material
temperx .ure distributions exist at flow rates below 13 Ib/sec. This effect was also observed on
NRX-A2 at flows below 10 Ib/sec. The cause is attributed to two-phase flow at ‘ he reflector
inlet plenum, where temperatures anc pressures are substantially below the critical point of 50°R
and 180 psia. This asymmetry condition als . causes unusuc  large deviations betaeen predicted

and measured reactivity feedback (reference 12).
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g. MECHANICAL EVALUATION

Information for the evaluation of the mechor ical performonce cf NRX-A3 originctes from
two sources : (1) doto obtained during the tests from dyaamic instrumentation and (2) aatg from
post-operative examination during and subsequent to reactor disasseml.;.  In .he section which
follows, the instrumentation utilized and the pertinent porameters which were measured are
described. The obse:vations ond analyses mcde as a result of post-operative examination are

outlined in Seclion IV.F., Disassembiy cnd Post-Operational Examinations.

Analysis of transducer data and post-cperative evaluation of ull reactor companents, foliow-
ing disassembly, showed thct the reactor performed extremely well structuraily, ond was generally
in excelleni condition fo.lowmg the tests.

Results of data anaiysis showed thot the rodial and axial core expansions agreed wel! with
calcuiations. Evaluation of tie rod strength after the high temperature excursion of ER-IV
‘ndicated that the core axial support system was structurally sound. Measured tie rod loc
agreed well with calculated values and the core generally remained concentric throughout the
test series.

In oddition there was no indication of excessively lorge mo:ions or any serious threats of
self-excited vibrations.

The flow tests and power tests were performed without serious domage to the reactor in general,
although there was some component domage, as discussed in Sectinn IV.F,

1 DATA ANALYSIS

The instrumentation utilized to obtuin dynamic information during the tests included
strain goges on the fuel element tie rods and lateral support lecf springs, disolacement gouges
between the inner and outer reflector , extemnal accelerometers on the pressure vesse! ond nozzle,
and forque transducers on the conirol drum drive snafts  Observations made with this instrumenta-
tion are os follows:

a) Lateral Support Spring Performance

Twelve lateral support leaf springs were instrumented with weldso!. strain gauges

CONFIDENTIAL
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*0 monitor core radiai mation. The instrumentction was designed o detect only reiative
displacement between the core unc inner reflector assembly. Circurferenticily voriabie core
exponsion would be revecied as asymmertric gap changes between the core and inner refiector.
Rotational motion of the core would not be detected.

I* hod been predicted orior to th NRX-A2 test that some plunger pins might stick
in the inrer reflector. Evidence appeared in the NRX-A2 data which indicated that one of th
plunger pins did sticx for a short time during the shutdown “:um the high power run (reference 14).
To etiminate this problem in NRX-A3S, the plunger pins were select-fitted for the mating holes
15 insure proper clearonce. Review of NRX-A3J daoto revealed some chattering o o few of the
doto channeis, indicating some evidence of very slight sticking, but the duration and magnitude
were very smal! in all cases. It is concluded that the selective assembly kas eliminated ony
serious sticking in the lateral support system.

The core ‘nner reflector gop was measured during ambient gas flow conditions,
with no aprreciable thermal effects present, diting EP-1.  This dotc wos used as u check on
predictions. The doto from EP-il]1-A wos later used as a further chveck on the EP-l dota. Prior
to the power tests, EP-IV and ER-V, calcuiation: were made to determine the precicted change
in rodial gop at the aft end of the core, where clearances .ye at @ minimum during operction.
Calculations redicred no interference, and the dota obtuined during the runs show none. In
addition, all cvailable datc indicated thot the core remained essentially concentric during
operatior:, and there was no indication of contact betwean the core and the inner reflector. Test
data also indicated essentiaily no significant vibrations of the support springs.

For detailed explanations of calculation.al methods utilized, data anclysis, and ony
minor discreponcies noted, references 15, 16, 17, 18 and 19 will provide more complete
information.

b) Tie Rod Performance

Six of the 289 tie rods which prcvide axial support of the core were instrumented
with two weldable strain gouges. The tie rods are essentially loaded in axial tension, aithough
some bending can occur when the core is bundlied.

The measured loads on the tie rods were consistent between the two power runs,
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EP-IV ond EP-V, ond in all coses were less thon the computed values.

During the shutdown operations of EP~IV, the moximym average exit gas
temperatures at the aft end of the tie rods exceeded the 1200°R iimit (reference 18) Some of
the centrc! rods experienced naterial temperatures i excess of the 1760°R aging temperature,
even as high cs 2503°R. In order to arTive at a decision tc ottempt a f.il-power restart (EP-V),
it wos necessory to determine if the tie rods were critically domaged as a result of the overheating.
ond if they were capabie of sustaining full power loods in the weakened condition.

Extensive analys:s of the deta and further tests on tie rods showed that sufficient
strength remained in the tie rods to sustain the loads to be encountered in a restart to full power.
In oddition, it was calcuiated that the bundling forces present in the core hod prevented gross
slipping in parts of the core, therebv preventing any appreciable local yielding in the tie rods.
The result of the analyses was a decision tc perform EF-V as planned, after an interim test
(EP-111A) designed specifically to check for obvious domage. Subsequent post-operctive inspec-
tion of the tie rods revealed no visible dcmage (Section IV F}. In summary, the tie rods system
survived the high temperature excursion of the EP-1V shurdown ord performed durirg EP-V without
tault.

c) Accelerometer Results

Results from the accelerometer measurements indicate that accelerations up to 3 3
were observed on the pressure vessel. These accelerction levels occurred at reduced power levels
(or reduced flow levels for ambient tests), and t.=came appreciably 1.duced when full power
conditions were reached. These occurred at relatively high frequencies of 240 and 350 =p: ord
over bond frequencies of 80-120 cps and 480-560 cps.

Acceleration levels of 30 g were reported on the nozzle during £P-1V and EP-V.

A nozzle resonance of 240 cps has been well defined from NRX-A2 shake t:sts (reference 20) and
has been confirmed by Aerojet-General Corporation from past laboratory tests. The source of
excitation is kelieved to be the oscillation from separated to futl flow in the nozzie at reduced
chamber pressure levels.

d) Control Drum Torques - Drum Rubbing

Because of the temperature distributions within the components, both the control
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arums and the outer refiector sectors tend to bend or bow during the :nitigl cooldown immediotely
after ‘low initiation ond orior 1o reaching substontial power levels. The control dru~ bow tends
2> be relatively larger thon that of the sector, since the 1:de of the bervilium ¢y !inder odiacent
15 the control vone i exposed Jdirectiy to the fiuic ond cools more ropidly thon the opposite
surfoce. Since each rectur :3 cooled somewhat symmetricaily, ity Gistoction is smailer thon that
of the drums.

In six of the seven srartups, rubbing was slight or non-e.cistent. in EP-1\V more
severe rubbing occurred in every drum. The rubbing monifested inself in abnormolly high drum
actuator toraue values. Reversal of the high torque volues when drum rotgtion was -eversed
indicated that g frictional (or rubbing) type of resistance did exis:. [n subsequent tests prechill-
ing was empioyed ond the rubbing was ovoided. To ovoid the necessity of prechiliing for NRX EST,
*he clearonces between druns and sectors hcve been increased by on additional C.023 inches.

C. NUCLEAR ANALYSIS

1 NUCLEAR

Initial criticality was ochieved during EP-1 with 378 poison wires remoining in the core
and the cont-o” drums ot 168 degees (deiaved critica!). This compored very well with pretest
predictions {reference 12). Pretest predictions were derived in port from criticol experiments
performed ot WANEF prior *5 the NRX-AJ testing (reference 10)

The measured colid critical contrcl drum bonk position wiili a0 poison wires was 89
dearees, | degree less thon that attempted by shimming the core before the teits. Detoils are
giver in references 12 and 4. Inverse multiplication during poison wire removal ond during *he
approach to criticality is given in references 21 ond 8 tor the test resuits ond in reference 13 for
the prec ct'ors. The neutron economy is given in reference 5.

The control drum bank reactivity worth was determined to be 8.8 -0.3 dollars. The
total control drum bank swing required to perform the test series was 2. 4 dollars plus 2 dollors
for the safety margin limit, or 4.4 dollars. This compares with 4 dollars for the NRX-AZ series
(reference 12). Differentiol bank and individual drum worth measurements aie found in reference 2.

Predicted differential and integral drum bank worths are in references 5 and 13,
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React.vily measurements were ‘n QOOC OrEe=en! with prediCtiony in references 5 onc
153. Core weignt loss, ‘ro= courosior ong erosidn, oeterwined fro~ coig criticaliy messre=e-"y
before ar.d citer ‘e power tes’s, w1 - JOOC CQrEEmen! with meglured weigh' o3, T3 aac
Othet reactivity chonges are discutres — reference 12, A reactivily compirter, an on=-ire
elecronic instrument® for continuous recording of reactivity, wos used ond i3 dicussed i»
reference 2:. (oicuicted reoctivity ange from cold 12 ho! conditions wos nithin 10 ceny -*
the meosurtd dota obtained of zero 9nd full sower. The coid to het reactivity foeaulz tile.
hydrogen ond temperature reoctivity coefiicienty!, refiector maverici react’s 'ty coeféicionyy,
the m-hour eQUOtion reig*mng excess reactivily !5 ‘eoctor period, so—react:vity plots of recce>-
power veriu H2 flow rate, and nucleor computer codes con be founc i~ reference 5. Core
reactivity coefficients for carbon, niobium, steinizs: steel, ond inconel-X, ond reoctiv' s -erss
poison wire inventory con be found in reference 5.

The rodic! power distribution determired from groas icnizotion megwrementy or each
fuel element woi withi~ nine percent of the calculotea d-stritution. Fissions per gro~ ~easurec
ot the core periphery differed only £.7 percent from calcuiations. Details are in reference 12
for both measured ond predicted power Jdistributions, in reference 5 for predicted radial and

oxial power distributicns, ond in reference 22 for measured rodial ond oxiol distributions.

2 REACTOR SAFETY

Reoztor sofety wo- provided by limirstions in reactin 'ty chonge magnitudes ond rates.

Vorious possible occidents were onolyzed to determine the extent of personnel hozord.

A minimym reactivity shutdown copability limit of 2 dollors was established for the
control system. The reoctor period scrom was set ot 0. 3 seconds for operations at ">ss thon 100 ~w.
Moximum control drum withdrawal rate was limited 10 55° ‘secord, while the scrom velocity wos
limited 10 @ minimum of 240° ‘second. Throughout the test ser o ~anstont attention was given tc
these nuclear sofety parometers ond test results indicate no nucleor sofety problems.

An occident anolysis giving excursion magnitudes ond other consequences of various
accidents can be found in references 23 ond 24. A fission product release onalysis giving
rodiological consequences is given in reference 23.
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3 RADIATION

Calculoted heating rates in calorimeter naterials extemal to the reactor were generaily
‘ower thon measurement by 2 to 100 percant depending on location. Analyticei methcds ond
zomputer codes are found in reference 12. Good agreemert in experimental data between
NRX-A2 and NRX-A3 wos observed. The calculated heating of r: actor compcnenis is generally
lower "hon measured by six 1o thirty percent (reference 12). Analytical methods of determining
reoctor comoonen® ond calorimeter heating are feund in references 12 ond 25.

Neutron ond gomma spatial distributions outside the reactor and gomma dose and fast
aeutron flux inside the reoctor were measured by dosimetry. The predictec fast neutron flux is,
in gencral, underestimated both internol ond external to the pressure vessel. Large scatter
exis®s in the doto and improvement in measurement techniques ond the normalizc.ions is warranted.
The coizulated intemal gomma dose rcte measurements at the core midplone compare within + 10
percent of measurements. The exteral gomma dose rates measured on the reactar midplone about
5 feet from the core centerline showed considerable scatter leaving the uncertainty in calculo-
tions at - 30 percent. Analysis of the gomma dose rote under the privy roof indicates that the
test cor secondary gommo radiation is the predominant source. More detail about gomma dosimetry
using thermoluminescent derectors ond fast and thermal neviron dosimetry using copper, cobalt,
gold, ond nickel ccn be found in reference 26. Reference 21 provides additional information.

Calcuiatad values exist of fast neutron energy spectra inside and outside of the reactor
and thermal neutron spectra inside the reactor. Values and onalytical methods for fast neutron
flux spectro outside the reactor are in reference 27, which are supported by measurements. An
escluation of methods for calculating spectra inside th.2 reactor is fcund in reference 25; while
values of fast and thermal neutron tpectra inside the veactor are found in reference 5.

Gomma source strength (mev/sec) as o function of time after irradiation is given in
reference 28 for fiss on products and activated components from the core, reflectors, and cluminum

snield. Beto and gomma decay power after full-power runs is given in reference 5.
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D. INSTRUMENTATION AND CONTROL 2ERFrORMANCE

T  CONTROL SYSTEMS
During the NRX-A3J tests, the normal control system consisted of two basic loops:

the LH2 flow control loop, ancd the reactor power and temperature control ‘oop. Control
loops were also provided to furnish contrelled reoctor cooting during shutdown phases of
ooemtion.

in oddition, several new contr.’ concepts were verified during the NRX-A3J tests.
These new control concepts incluce limiter circuits, pressure control system, ond co-spied
pressure-temperature control system.

Oscillation tests were conducted to obtain transfer function information on the control
system, feed system, and reactor during power ronge operation.

a) Systems Description

The NRX-A3J control systems consisted of the normal NRX contvoi systems used

during the NRX-A2 tests and new controllers installed to increase the system r-  ability ond to
goin experimental verification of control concepts to be used in the engine contro! system.
1) Normal NRX Control System

The normal NRX control systems consisting of an LH2 flow control loop ond o
temperature ond power control lcop are described in detail in references 29, 30, 31, ond 32.
In addition to these basic control loops, there are control loops which provide cooling during
shutdown phases of reactor operation.

The LH_ flow control system consists of @ pump specific speed control loop
and an RPM/flow control |2°°p The specific speed loop insures compatibility between the
turbopump and the reactor characteristics. This is accomplished by bypassing, if necessary,
sufficient flow to maintain o preset pump specific speed. The RPM/flow loop provides a position
signal to PCV-50 which controls the gas driving the pump tuibine. Valve position in this loop
~an be controlled by either manual control, pump RPM control, or LH2 flow rate control.

The power and temperature control system provides a position signal to the
reactor control drums. This system _rovi-2; for manuc| drum position control, reactor power
control, reactor temperature control, and automatic startup of the reactor. Ir = unual drum

control, the control drum position demand is provided directly, whereas in inanual or programmed
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power control, the control drum position is generated from a compensated error between
meosured and oemanded neutronic power. The neutronic power feedbach signal is supplied trom
ion chambers located in @ water tank positioned in the test cell wall odjocent to the reactor.

in tempe. iture contrcl, power demand is irimmed by o compe:isated error between the measured
ond demor.ded temperature. This trim is the incremental power demand which is required to zerc
the temperature error. The measured temperature useu by the controllier may be exit gas
temperature, Station 26 core temperature, or Station 32 core temperoture. Automatic reactor
startup is used to bring the reoctor from a sub-critical shutdown condi:ion to o preselected power
level by programming the control drum position until the selected power level is reached
(reference 33}.

Following an LH2 flow shutdown, the reactor is coolec by GHZ. The PCV-41
pressure conivol system provides a position demand to valve PCV-41 (figure 1) in order to main-
tain the pressure upstream of FE-10 ot a level such thot the nozzle torus pressure is 60 percent
of the pressure level that existed at the time of flow shutdown (reference 34),

In the event of domage tc the propeliant feed system, emergency cooling
would be provided (monual initiation) to the reactor by flowing GH2 through the reactor dome.
This flow would be controlled by valve PCV-18. The PCV-18 position demand is generated from
the GH2 upstream pressure to give a predetermined flow rate.

2) New Control Systems

Control concepts installed for the first time during the NRX-A3 tests include
limiter circuits, chomber pressure controller, and slaving of pressure and temperature. References
35 and 11 provide a detciled description of these contro's concepts.

The limiter circuits monitor critical reactor parameters: reactor power,
reactor period, core temperature, and tie rod temperature. |7 any of these parameters exceed a
predetermined level and if the limiter for that parameter is active, a signal is supplied to the
power controller which commands an inward movemer: of the control Arums sufficient to constrain

the system variable within its maximum allowable limit.

32



Astronuciear
Laboratory

WANL-TNR-210

The chamber pressure control system provides a trim on the flow demand of
the LH2 flow control system. This trim is the incremental flow demond which is required to
zero the pressure error. The trim is generated from o compensated error between measured and
demonded pressure.

The temperature control system ond the pressure control system are inherently
coupled in the nucler subsystem. These systems were coupled externally during one phase
of EP-VI by deriving the temperoture demand from the measured chamber pressure. The relation-
ship between the measured chamber pressure ond the demanded temperature wos selected to
maintain a tie rod temperature of 800°R.

b) Testiﬂg and Results
The NRX control systems were used throughout the NRX~A3 test series. In

oddition, the new control concepts were checked out and oscillation tests were conducted to
obtain transfer function measurements.

1) Normal NRX Control Systems

The LH2 flow control loop and the temperature and power control loop were
used during the NRX-A3 tests with no abnormalities occurring. These control loops per-
formed as predicted. Agreement between the planned and measured parameters was within the
accuracy of the data system (reference 36)

The avtomatic stortup system was used to bring the reactor to power on
essentially all startups, and functioned as predicted. This system had been redesigned between
the NRX~-A2 and NRX-A3 tests to eliminate some operational problems experienced during the
NRX-A2 tests (reference 31).

2) PCV-41 Pressure Controller

The spurious turbopump overspeed trip which occurred during EP-1V caused
a flow shutdown. Upon initiation of the flow shutdown, the PCV-41 pressure control loop was
activated to maintain the pressure at P-041 (upstream of flow venturi FE-10) ot a level designed

to maintain the nozzle torus pressuze at 60 percent of its value just prior to flow shutdown. The
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pressure controller did provide the P-041 pressure at the desired volue. However, after the
residual Lr‘lz wos expended from the feedsystem, the gas flcw increased and venturi FE-10
became choked; consequently the nozzle torus pressure dropped below the desired 60 percent
value even though the pressure control loop error was zero. Because of this condition, the
nozzle torus pressure was not maintained at the desired value and insufficient flow was delivered
to the reactor.

The PCV-41 valve control was switched to the manual control mode within
a few seconds after the shutdown. When tne control mode was switched, a shcrp further reduc-
tion in ombient GH2 flow occurred. An investigation revealed thot this problem was caused
by the PCV-41 followup circuit being wired improperly. The combined effect of the choked

venturi and the switch in control modes reduced the ambient GH,, flow considerably below the

desired value and resulted in overheating the reactor tie rods. ’

in order to prevent a recurrence of this flow shutdown discrepancy during
subsequent testing, the PCV-41 pressure controller was redesigned to compensate for choking in
the venturi, FE-10. The redesign of PCV-41 pressure controller consisted of modifying the P-041
pressure demand 1 compensate for the pressure drop across the venturi. The modified P-041
pressure demand was 60 percent of the nozzle torus pressure at the time of flow shutdown, with
an increase to 120 percent after two seconds. This change in P-041 demand was necessary

to account for initial subsonic flow through the venturi increasing to sonic flow after the LH
has been expended from the system.

2

The PCV-41 pressure control system was modified and checked cut during
EP-11IA. The controller performed satisfactorily during these checkouts. References 37, 38,
39, 40 and 41 provide information on the PCV-41 system.
3) Limiter Circuits

The power and period limiters were checked during EP=l.  For this test the
power limiter setpoint was set to maintain power below 0.4 kw. When the power was demanded
to exceed this setpoint, the power limiter functioned properly and prevented the power level

from exceeding the 0,4 kw.
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The period limiter was checked at limiter settings of 10, 5, and 2 seconds,
and corresponding period demands of 8, 3, and 1 seconds, respectively. At a setting of 10
seconds, the period limiter worked sotisfoctorily. At settings of 5 and 2 seconds, slight power
oscillations were observed when limiting occurred.  Such power oscillations were expected
with fast periods.

The power and period limiters were also checked while operating
simultaneously. Both power and period were limited to their respective setpoints without
significant power oscillations. Following checkout, the power limiter was used for all
subsequent runs, and the period limiter was deactivated.

The core temperature limiter and power limiter were checked during EP-VI.
With the reactor operating at steady-state, the temperature limiter was checked by reducing
the temperature limiter setpoint below the demanded temperature. The core temperature wos
reduced as predicted. With the temperature limiter still active, the power limiter setpoint
was reduced below the demanded power to check the interdependence of the two limiters.
Both power and temperature were reduced as expected.

4) Chamber Pressure Control and Coupled Pressure Temperature Control System

The chamber pressure control system and coupled pressure temperature control
system were used for the fi~st time during EP-VI. Since the NRX-A2 was the firs* reactor to
contain a pressure control loop and a slaved pressure temperature conirol system, the test was
designed to show that the pressure loop was stable und that the loop performance was as
predicted from onalog computer and mathematical analyses.

The test results indicated that the chamber pressure control system and the
coupled pressure-temperature control systems were stable with larger margins than had been
predicted. Because of feed system attenuations and phase lag not accounted for in the analog
model, the system band width of the pressure loop was less than predicrec

Operational characteristics of these control systems have not been established,
and a redesign of the pressure controller can be undertaken to improve the response time of the

pressure control system.
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2 INSTRUMENTATION
a) NRX-A3 Transducers
There were a total f 292 WANL sensors installed for the NRX-A3 test series, of

which 93.8 percent were operating at the conclusion of the tests. After complete assembly of
the test article at NRDS, 98.6 percent of the instrumentation was operable. The operable
percentage during EP-1, EP-ll, and EP-11l was 98.0 percent, and during EP-1V, EP-V, and
EP-VI, 93.8 percent were operable.

The major sensor develepi~ent consisied of high temperuture in-core thermocouples.
The “hermocouples installed at station 32 in NRX~-A3 were expected to deviate from the Hoskins
calibration at about 3500°R. A special calibration, deviating from the 1962 Hoskins calibra~
tion for the tungsten/tungsten-26 rhenium thermoelements, wos .s>d to compensate for the
expected error. A permanent improvement in the insulation resulted from "conditioning”
during the EP-IV run as evidenced later in the EP-V test. The output signal level closely
approximated the original Hoskins calibration for the thermocouples. The degraded performance
characteristic of a thermocouple with insulaticn shunting was clearly missing. The fact that
"conditioning” had occurred was berme out later in laboratory experiments (reference 42).

Strain gage accelerometers were installed on the pressure vessel for evaluation
alongside the piezoelectric type. These accelerometers operated throughout EP-1 and EP-VI
and the dc 4 appear to be cairect. LVDT's were also installed for evaluation and data obtained
correlated very well with analytical calculations and with pressure and temperature measurements.
Further tests of these transducers are needed to fully qualify them for reactor use.

In general, all transducers functioned as well as expected. The anomalies which
occurred during test are reported and evaluated in references 43 and 21.

During disassembiy no sensor condition was observed which had not previously
been determined. Post-operative examinaticn revealed no visual degradation of transducers
due to normal test environment. However, the tie rod thermocouples were damaged when
exposed to temperatures beyond their design limits during the EP-1V shutdown, Disasstmbly

and post-operative examination results are further reported in reference 43.
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b) NRX-A3 Data System Perfcrmarce

Data system performance is oefined as the performance of the instrumentation,
data acquisiticn and data reduction systems at NRDS and WANL. A description of the NRX-A3
data acquisition and reduction systems and rheir operation can be found in reference 44,

1) End-to-End Checkout

A more extensive end-to-end instrumentation checkout was conduc’ed on

NRX-A3 than on previous reactors. The purpose of the checkout was to (1) verify anc document
tha continuity of each channel from the closest termination point to the transducer con the test
assembly to the recording device ot the Control Point, (2) verify ar.d document the nolw:ity ot
each channel, and (3) verify and document the gain or se*up range of each channel. For

those accessible channels, the transducers were stimulated over the range of the instruments.
The results show that the recorded outputs of these channels agreed within - yre: "~ =tely

0. 1 percent of the valuas recorded during the calibrations of the transducars. .. .. thairels
that were inaccessible were checked out to the Control Point by injecting simuiated sigrals

at the closest termination points to the transducer located on the Test Assembly.

2) Data Evaluation Team

During this same period of time a data evaluation team was established for
the purpose of evaluating the performance cf the data system. Following a review of the docu-
ments used in establishing the system, an evaluation of all data from EP-] was conducted.

The team was composed of members from AGC, EG&G, NTO, and WANL, although for
subsequent experimental plans only EG&G and NTO participated. The introduction of this
evaluation team concept proved effective and will be continued for future test series.

3) Performance Summary

Before the start of EP-IV, the data acjuisition system contained 869
channels of which 508 were in the reactor diagnostic system. During EP-1V, 839 data channels
(96. 5 percent) operated properly; however, partial data was produced by 10 of the 19 data

channels canceled due to discrepancies during this test.
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Befcre the start of EP-V, the dato acquisition sy<tem contained 850
channels (97.8 percent). During EP-V, 824 data channels (94.8 percent) operated properly;
however, partial data were produced by 20 of the 26 data channels canceled due to discrep=
ancies during this test.

Prior to the start of EP-VI, the daota system contained 798 channels (91.8
oerce~t . During EP-Vi, 770 data channels (89. 6 percent) operated properly. Had there
been arother experimental plon to perform, only 4 (0. 44 percent) of the 19 channels displaying
discresoncies during this test would have been carceled. Thus, the data system contained 794
working channels (91. 4 percent) ot the end of EP-VI.

Multiplexer probiems were encountered during EP-1V, EP-IIIA, EP-V, ond
EP-VI. An evaluaiion of the components involved did not establish the cause of the anomalies.
Test evaluaticns after each experimenial plan did not uncover ony discrepancies; however, it
is .uspected that radiution .evels became high enough 10 cause the problems. The total
integrated dose measured in the ELR of Test Cell "A" from EP-V was greater than 450 REP neor
the instrument racks,

The performance of the data ocquisition system during the NRX-A3 test
series was, in geneval, good. .ollowing each experimental plan, all the data was reviewed
by NTO and an evaluation made w.th respect to perfermance. Discrepancies of transducers,
data acquisition system, or data reduction system are ncted in references 45, 36, 37, 38, 41,

44, and 21.

E. SYSTEMS TRANSIENT BEHAVIOR ANALYSIS

Efforts in the analyses of systems tronsient bekavior were performed in four categories, as
described below:
1 PRE-TEST PREDICTIONS

Each planned iest in the power ange was simulcted before the test on the digital and

analog computers to predict the performance of the test system. Evaluotion of various programmed
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profile aemonds led to the choice of demand schedules used later in the reactor test series.
The planned tests were demonstrated as compatible with the NRX-A3 control systems on the
anclog computer by initiating holds at any stage of the profile withou! introducing dynamics
problems.

The computer was used to estabiish limitations on the allowable rate ond extent ot
the programmed shutdown. Computer results were used to demonstrate the dynomic stability
of the fixed drum test and established acceptability of this control mode for use in the NRX
tests.

The tests involving tronsfer functicn measurements by the sinusoidal and pseudo-
rondom input signal techniques were also simulated. The results were used to determine input
signal amplitudes and bondwidths in order to yieid meaningful data and to remain within sofe operat-
ing tolerances. It was demonstrated that a usefu! signal input for the transfer function tests
could be of smaller amolitude with the pseudo-random technique than with the sinusoidal
technique.

2 PRE-TEST MALFUNCTION ANALYSIS
Much of the dynamics analysis effort was devoted to predicting system performance

4uring emergency operation, using the anaiog computer. One class of abnormal or emergency
operation involved running the programmer drums in all possible modes of operation, i.e.,
forward or reverse at 2-1/2 times the nornal rate. The modes of abnormal operation involved
are retreat, fast retreat, ond fast forward. The results indicated clearly that the control
systems and reactor system pe-formed well in each of these modes as long as the retreat or fast
forward was not continued below a propellant flow rate of approximately 12 Ib/sec (in which
region high tie rod temperotures might result). The procedures therefore were written to
produce a scram or fiow shutdown before approaching tais low-flow low-power region.

A second closs of abnormal operation or maifunction involved the limiters. Checkout

of the limiters was undertaken from two approaches:
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a) Actuatica of limiters from failure of control components or severe system

transients.

b) False actuation of limiters resulting from failure of components within the
limiters.

Anciog computer predictions indicated that the limilers .rovidea cmole time for svste™
ccmpensation by the operator in cases of severe system transients and failure of control compo-
nents. Single failures within the limiters themselves produced no transients in the overall

control system.,
3 CROSS-CORRELATION AND SINUSOIDAL TRANSFER FUNCTION MEASUREMENTS

Cross—correlaiion and sinusoidel trc-sfer function measurements were performed
successfully during the NRX-A3 test series. From these dyncmic measurements, results were
obtained which are useful in improving both dynamic models of the system and the control
systems for use in future tests. References 47 and 48 provide detuails.

Durirg facility flow tests prior to receipt of the test ¢ ticle ot TCA, an orifice plate
was used at the exit of the propellant feedline to simulate reactar impedance. In the cross-
correlation measurements, o pseudo-random signal applied to the pump RPM demand wos used
to perturb the feed system while ot 40 Ib/sec flow. Using cross—correlation technigues, transfer
functions relating the turbine control valve position, pump RPM, flow, pump exit pressure, and
feedline exit pressure were computed at frequencies up to 20 cps. The results showed good
agreement with sinusoidal measurements made during the same test, ccrfirming the accuracy of
the technique. Moreover, results of high precision were obtained at substantially higher
frequencies than were possible with the sinusoidal technique.

In the EP-IV full power test, a pseudo-random turbopump RPM demand signal (with
a useful bandwidth of cbout 6 cps) was inserted into the flow control system, Measurements of
pressure responses at vcrious locations from the nozzle torus to the core exit permitted the
determination of the transfer functions relating these variables up to a frequency of about 6 cps.

Comparisons of these results with frequency responses obtained from analog coinputer models
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showed generally good agreement in the dynomic behavior of the overall test article, with
minor, generally compensating, discrepancies for the individuoi components. The detailed
results of these transfer function measurements using cross=correlation techniques have been
reported in reference 48.
Five frequency response tests were planned for EP-VI:
a) In control drum position control and pump RPM control, oscillate RPM demand
preceded by a step in RPM demond.
b) In control drum position control and pressure control, oscillate pressure demand
preceded by a step in pressure demond.

c) In power control and LH,, flow control, ascillate power demand preceded by a

negative step in pcwer demand. ?
d) With temperoture demand slaved to measured pressure, oscillate p-essure der.ond
preceded by a step in pressure demand.
€) In control drum position control and LH,, flow control, oscillate drum position demand
preceded by a negative step in drum position demand.
The purpose of these control tests was to obtain transfer function information on the
control system, feed—system, and reactor during power range operation.
Test a) was not performed because PCV=-50 was very near its closed position, and it
was felt the oscillation magnitudes necessary to acquire data might cause valve damage by
hitting the valve seat.
Tests b) and d) were intended to evaluate the chamber pressure controi loop and
coupled pressure-temperature system as described in Section IV.D. The results indicate that
these systems operate in a stable manner and have somewhat wider stability margins than
predicted. This data will be used to optimize the new control concepts. The test data verified
feedline, nozzle, reflector, and core analoq models to approximately one cps. However, the

data showed an amplitude attenuation in the turbopump which was not predicted by the analog
computer model.
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Test ¢) yielded the desired data on the reactor flux loop ond showed minor discrepon-
cies between the test results ond the analog computer mode! at high frequencies (above four
cps).

Reactor power dato from test e) wos reduced and the transfer function of recctor
power versus control drum angle was obtained. The temperature data which was desired from
this test could not be reduced, because the input amplitudes were too smali 10 produce
significant perturbations in temperature.

4 POST-TEST ANALYSES

Both hand ond onalog srudies were performed tc expiain the results of the inodvertent
flow shutdown tronsient that occurred during the power test and to develop a model suitable
for checking out revised emergency flow system controller designs. A revised pressure demand
progrom wcs developed and shown to be adequate in providing sufficient flow to properly cool
the tie rods during o flow shutdown.

A comporison was made between analog model pretest predictions and the NRX-A3
test data during the startup and the steady-state holds of the power test. The agreement was
excellent during the startup ramps. At the holds, agreement was not as good because ihe
actual temperature and flow demand profiles differed from the eacly test specification profiles
which were used for the analog studies.

Extensive processing of wideband and Sanbcm data from the NRX-A3 test series was
performed, including component displacements, vibrations, torques, and strains; acoustic
pressures; and also various temperatures, pressures, power levels, drum angles, etc., used in
cross—correl~*ion ond sinusoidal transfer function measurements. To improve data accuracy
and the methods for producing wideband data, the following operations were undertaken:

a) Several modifications tc each of the digital computer codes were developed to
improve the efficiency and flexibility of the wideband data processing system; and

b) The accuracy of the Test Cell "A" instrumentation system was determined and the
dynamic response of pressure transducer impulse lines was computed analytically and confirmed

by experiment,
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Wideband dota processing from the NRX-A3J test series has been completed. The
SPIT, PLOT, and FORMAT codes developed ot WANL, ond the Huntsville Rondom Vibration
Aralysis Code were used extensively to process and analyze the dato.

The SPIT code performs calibrotion, conve-ts voltages into engineering units, and
generates o magnetic tape for use as input to the PLOT and Huntsville format codes. The
PLOT code prepares the doto for presentation as SC-4020 "iLOTS, whereas the Huntsville code
is used to calculate power spectral densities ond transfer functions.
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F. DISASSEMBLY AND POST-OPERATIONAL EXAMINATIONS
Disassemhly of the NRX-A3J reactor assembly was initiated in the lower disassembly bay
of the R-MAD Building on June 2, 1965, and continced until approximately July 2, 1965.

The post-operational examinations of reactor components began on June 2, and were essentially
complete ot the time of this report. The post-operational examinations were performed
primarily in the R-MAD lower and upper disassembly boy and the seven hot cells and junior
cave associated with the R-MAD Building complex. Some examinations, primarily mechanical
property examinations and metallography, were performed later at WANL, Large, or elsewhere.

A general evaluation, in summary form is given in the following poragraphs for the major
components composing the NRX-~A3J reoctor assembly.

1 NON-NUCLEAR REACTOR COMPONENT EXAMINATION

The overall condition of al! non—nuclear reactor components after disassembly was

generally satisfactory. The majority of the components showed no visual evidence of test
damage. Components which did exhibit damage are discussed below:
a) Control Drum Housing

The wela between the forward end of the bearing shaft and tle control drum
housing v.x drum No. 11 was observed to be separated. It is believed that the differential
thermal expansions between the control drum housing and the beryllium cylinder produced
sufficient stress to cause weld failure. Metallographic examination of the weld break showed
that the weld was of good quality, but had only 0,02C inch to 0.025 inch penetration, rather
than 0.030 inch as required by specifications. A stress analysis indicated that the membrane
tensile stress in the weld exceeded the yield strength. [t is, therefore, possible that the seven
cryogenic cycles experienced by NRX-A3 would be sutficient to cause weld failure.

b) Filler Blocks

The band retaining lips on the aft ends of two filler blocks were found to be
broken. An analysis indicates that these breaks could have occurred during the emergency
shutdown at the end of EP-IV. The high temperature reached by the tie rods caused the core
with the filler blocks to move aft toward the nczzle. The filler strips remain essentially

stationary and could interfere w.th the filler blocks under such conditions.

CONFHDENTIAL
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c) Thermal Capsule Potting Compound

As in the NRX-A2, the thermal capsule potting material had suffered erosion
and the capsules from several unfueled elements were lost. In addition the filler strip potting
was severely attacked, permitting the capsules to tall out during disassembly. On NRX/EST,
no pciting is utilized in the core and the capsules are installed in close-fitting holes instead of
the slots used in the NRX-A3.

d) O-Ring Seals

The O-rings which formed seais between the stainless steel tie rod liner tubes
and the countersunk insulating sleeves were hardened and embrittied by the irradiation, and
were generally broken in pieces during disassembly. This effect of irradiation had been
anticipated in this temporary fix. O-ring seals are not plcnned for use in later reactors.

e) Support Blocks

Nearly all of the support blocks except hwelve which were fully coated with
niobium, exhibited corrosion in the tie-rod hole. The sectioned fully—coated blocks, which
cortained coated tie-rod holes, showed no corrosion except for some small local spots beneath
coating imperfections on the surface, caused by coating fixture removal during the monufa-tur-
ing cycle. After being sectioned, most of the blocks revealed cracks that extended from the
corner (fillet) radius of the aft counterbore, the face of which is a load-bearing surface, to the
innermost flow holes. In several sectioned blocks, small corrosion cavities were observed in
the crack area. Re-examination of the NRX-A2 blocks revealed that this same condition
existed to a lesser degree. A comparison of NRX-A2 and NRX-A3 suggests that corrosion at this
point is a result of these very fine cracks. The cracks are believed to be caused by the combined
thermal and mechanical loads at the termination of a startup ramp.

There was also some evidence of extemal corrosion in very localized areas, but
the overall condition of external surfaces and coating adherence was very good. One block
was severely corroded in one lobe, but a re-check of pre-assembly inspection recc.ds indicated
no coat.ng, or extremely thin coating, in four holes of this lobe.

f) Insulating Cups

The condition of insulating cups was generally cood, but on some, coating haa
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flaked off. There was perhaps slightly more delamination present than befare the test.
g) Tie-Rod Support Washers

The support washers in many cases sustained damage in the form of pitting,

flaking, and corrosion at both inner and outer edges and flat faces. The ottack was very
irregular and unsymmetrical, and appe.is *~ be related to the cracking problem in the support
block counterbore. There was no evidence of crushing of the washers. The adjocent insulat-
ing washers (also pyrographite) did not show significant domage, although light corrosion was
observed in o few cases.

h) Central-Elements (Unfueled)

Unfueled central elements showed bore corrosion similar to that of NRX-A2,

but more exter<ive. As in the NRX-A2, attack was irregular, and usually unsymmetrical
with respect to the longitudinal axis. The nineteen central 2iements containing coated bores,
were generally intact with little or no evidence of deterioration. In some instances the
coating had deteriorared locally, exposing the grophite to mild surface attack.

Condition of the coated ends was generaily good, but there was one notable
exception in which local attack penetrated deeply into the external surfaces of o single-

hole element.

Flexure-strength tests on sections of the unfueled elements showed good reten-
tion of strength, with an actual increase at the forward end, where radiation effects did not
onneal out. One specimen, containing a pinhole, was positioned to be stressed in tension.
The break occurred through the pinhole, with the reduction in strength cf about 35 percent.

i) Insulating Sleeves

Soot deposits were observed on many insulating sleeves, wiich also contained
some evidences of end corrosion or delamination. However, the general conc'ition appeared

to be good. Measurements of thermal conductivity of irradiated sleeves are in progress.

CONHDENTHAL...
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1) Liner Tubes

Approximately one~fourth of the stainless steel liner tubes in the core were
examined in detail. Approximately 75 percent of those examined showed discoloration which
was usually localized near joints in the insulating sleeves, and which were not present in the
hotter, aft section. Similar discolorations were observed on NRX-A2 liner tubes. These
disc~'orations are believed the result of migration of residual chlorides from the central
unfueied element.

Approximately 50 percent of the liner tubes exomined were domaged near the
aft end by reaction (carbiding) with the pyrographite insulating sleeves. This condition was
causec by the overheated condition which occurred during EP-IV.

k) Tie Rods

The apoearc~ce of the tie rods was, with minor exceptions, normal, although
they had overheated near the aft end (by EP-1V shutdown). One tie rod showed discoloration
oround the underside of the button. Two contained a fused ther.aocougle near the button end
of each tie rod.

Tensile tests on samples cut from the hct ends of tie rods revecled two samples
with yield strengths of 64 and 93 ksi. These values compare with a range of values of 104 to
123 ksi obtained from samples cut from tie rods in colder regions of the core. It is presumed
that other tie rods in the core were similarly affected, i.e., thct full or partial annealing of
a number of tie rods occurred during the emergency shutdown of EP-IV. However, none of
the tie rods were found to Le stretched, when compared with pre-operational measurements.

2 FUEL ELEMENT EXAMINATION

The results of post-operational examinations performed on the NRX-A3 fuel elements
are summarized for the major interest areas based on the phencmena observed. These areas

are:

CONFDENTHAL
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1) Surface corrosion
2) Hot end corrosion
3) Channel exposure
4) Bore corrosion
5) Pinhole formaticn
6) Weight loss
7) Fuel bead behavior
8) Carbon deposits and bonding
9) Strength and dimensionai changes
10) Behovior of peripheral elements
Information is also given on the behavior of the fuel elements with respect to
various design {ixes and of speciai types of fuel material present in the core. More detaiied
information on the performance of fuel elements and fuel element material is given in
reference 49.

a) Surface Corrosion

Surface corrosion occurred in streak, edge, or patch pattems on 99.5 percent
of the elements examined. The most predominant surface phenomena was or.e of streak
(longitudinal) corrosion which occurred primarily at axial stations 19 to 23 with maximum
occurrence at station 22. Typically, the effect was noted as parallel longitudinal streaks
of surface corrosion between the underlying coolant channels. The streaks are believed to
have or.ginated from the high-temperature reaction of graphite with interstitial hydrogen. !n
some instances, streck corrosion produced channel exposure.

b) Hot End Corrosion

Corrosion was noted at the coated end of 90 percent of the fuel elements
examined. Typically, this coriosion produced channel exposure (83.5 percent of the fuel

elements examired). Visual evidence indicated that the major contributors to this effect
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were: (1) attack by hydrogen in areas of missing NbC end coatings and (2) leakage of
hydrogen from the joint of the unfueled tips. While the widespread occurrence of corrosicn
at the hot end made it difficult to determir.e the exact number of leaking joints, unique

point leakage effects were noted on 20.8 percent of the fuel elements examined. In general,
corrosion and channel exposure at the hot end occurred on a higher fraction of the elements
in the center region ot the core thca those at intermediate core radii or at the core periphery.
The radial distribution of the average percent of end flats having channel exposure was 60
peicent (5 cms), 43 percent (25 cms) and 20 percent (45 cms).

c¢) Channel Exposure

Exposure of one or more of the outer row of coolant chennels cccurred o
27.7 percent of the fuel elements examined. Visual examinaticn data did not differentiate
between exposure caused by surface corrosion or pinhole effects, but d="aiied examinations
on o few elements indicated that both effzct: were contributing. Channel exposure occurred
predominantly between axial stations 20 to 5C and ranged from less than an inch io several
inches in length. The rodial disiribution indicated a higher percent of the elements in the
center of the core (77 percent 5 cms) displayed the phenomena than those ot the intermediate
core radii (20 percent, 25 cms) or those at the core periphery (36 percent, 43 cms).

d) Bore Corrosion cnd Pinhole Information

Examination of the channels and microstructure in selected NRX-A3 elements
indicated that bore corrosion was character:zed by four distinct phenomena i.e.,

1) A punky substrate resulting from the preferential attack of graphite binder
by hydrogen seeping threugh expansion cracks in the NbC liner. Corrosion of this type varied
from element to element but occurred predorainantly in two axioi regions, stations 20-24 and
35-40 based on visual evidence, metallographic examination and incremental electrical

resistance profiles.

CONFIDENTIAT
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2) Circumferentiai corrosion rings resulting from loccli=ed attack of the
substrate th-oug expansion cracks in the NbC liner. The severity and axial distributions of
the efiect varied from eiement to element. It was observed by visual examinction tu occur
predominantly in two axial -egions, stations 2Z to 28 and 30 to 51.

3) A continuous gap between thc line+ and grophite substrate caused by
general attack vic a diffusicn mect anism. This effect was intermingled with co.rosion ring
effects and varied in axial position and severity from 2lement to element. It occurred pre-
dominantiy from station 35 to the hot end. It should be noted that there was ro evidence of
bore corrosion effects occurring in the channels of the ur. veled .ips which were examir-d.

4) Relatively deep corrosion pockets, having no apparent circum®  cntial
symmetry. Corrosion pockets were observed on 29 percent of 89 axially slit  Jel elements
based on examination of 5 coolant channels per element. It appeared t¢ ve a random
phenomena varying in axial cccurcence from elemen! to ele nent. P.-_kets were observed
from station 12 to 51 with maximum occurrence at stat‘on 38. V':uol evideace indicated
that two types of corrosion pockets occurred: (1) those associared with lin-r defects and
(2} those associa’ed with corrosion rings. Occasionally, corrosion pockets were observec o
have resulted in interchannel commur.ication or pinhole formation. The bore data cktained
indicates that there was a general axial inrermingling of the four typas of bore corrosion. A
possible explanation for this is that axial fuel element temperature dis:ributions were
significantly different during the high power holds (P-1V and EP-V) and the medium power
hold (EP-V1). Fuel element temperatures high enough to produce binder citack corrasion
vere obtcined at downstream stations during the EP-VI test.

e) Pinhole Formation

A total of 3301 pinholes were cbserad on 928 fuel elements from the NRX-A3
core (58.2 percent of 1..e elements examined). ?Pinholes were actually observed from station

2 to 51. The predominant occurrence was from station 30 to 51 with the maximum occurrence
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at station 38. The similarity between the axic! distribution of corrosion pocke’s and pinholes
and the visua! examination results indicate that pinhole formation, at least in the maximum
occurrence regians, is probably related to the formetion sf properly oriented corrcsion
pockets. However, pinholes form * the colder stations of the fue! zlements are gifficult
to interpret in this respect. These may be due to a combination of corrosion cocket’ng,
ydrogen pressure, flow distributions and surface corrosion effects. The radial distribution

of the avercge percent pinhoied elements was 70 percert (5 cms), 57 percent (25 cms) end

37 percent (43 cms). The radial distribution of pinhal2 severity {average ~umber of pinkoles

per pinholca element! was 8 (2 cms), 3 (20 cms and 40 cws) and 6.6 {42 cms).

f) Element Weight Loss

Post weight measurements on 109 fuel elements from NRX-AQ indicated cn
avercge we: ht loss per element of 10.6 grams. Aithough there was considerable scatter in
the dcta, ¢ genera! trend of decreasing weight loss with increasing core radius was observed.
The radial distributions of the average weight loss per element was 15 groms (5 c-ns), 12 groms
{25 cms), ard 4.5 grams (43 cmsj.  Summation of all of the weight data indicates a total
weigat loss of 11,608, © grams for the 1,396 elements. Incremental resistance profiles,
chonne! e <aminction and ircrementa! w=ight loss profiie indicated that the axial regions
of maxirum we'ght loss due to ko-e corrosion were in the vicinity of station 20 and
stations 35-40. The regions correspona tc the axiol areos of maximum binder attack (station 20)
and raa<imum. oinder at*:ack cnd/o- bore corrosion (stations 36-4C). Considering the ditference
in occurrence: and /e ity oetween surface corrosion phenomena ano bore corrosion phenomena
obserrec  rhe NRX-AC fuel elements, it is believed that the major contribution to the fur!
eiemrent weight loss was ~.ade by bore corrosion, i.e., normul bore corrosion plus corrosion
p:ckets c- d pinhole forration (reference 50). Fiom an esaluation of all of the corrosion data,

i 15 conc luued that a significont portion of the weight loss occurred during the EP-VI test.
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g) Fuel Beod Behavior

Metallogrophic examinations were performed on samples from 29 fue! elements

at vcrious axial stations. No evidence of fuel bead migration was observed which could be
attributed to the effects of the reactor tests.
h) Carbon Depaosits
Deposits tentarively identified as soot arnd pyrocarbon were observed on the

surfoce of $2.5 percent of the fuel elements examined. The axiaol location of the deposits
varied from eiement to element but in general, sooting was concentrated at <ictions 20 ‘o 30
and pyrocarbon at stations 25 to 35. Visual evidance indicated that the deposits were
probably related to the streak (lor.gitudinal) corrcsion occurring ot stations upstream of the
deposits. They were probably formed by the high temperoture deposit-on of carbor from o
soturated intarstitial hydrogen gos phase.
inter-element bonding was recorded for 160 elements in the NRX-A3 ore.

This bonding occurred predominontiy in the region of carbon depcsition at stations 25 to 35.
A higher incidence of bonding -as noted on e!ements near the core periphery although rone
of the peripheral elements were involved. It should be noted that the criteria for recording
bonded elements was based on the degree of difficultv realized in separating them. Conse-
quently, elements which may have been invoived in weaker bonding were not recorded. In
some cases bonded elements were broken Jurirg attempts to sepc.ate them. Metallographic
examination of typically bonded interfaces indicated that the bonds were formed by carbon
deposits filling e interele nent gaps. The bonds were generally intermittent with regions
of ithe interfoce no* being bonded. These examinations indicated that gyrolytic carbon
deposits were the probable cause for element bonding.

i}  Strength ond Dimensional Cho_ngﬁ

One hyndred ninety-one fuel samples from various axial locations in 29 fuel

elements were flexure-tested at room temperature. 1he axial radial distribution of flexure
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strength obtained for the reactor-tested elements was compared with the pretest averages.
These data indicated that the radiation effects and bore corrosion were the two factors
predominantly influencing the strength changes observed.

Flexure strengths were observed to increase from 21 to 57 percent above the
pretested average in the axial region 0 to 10 inches. In general, the increase in flexure
strength in this region was highest in the peripheral elements and decreased in elements of
decreasing core radius. Shi.dies performed to determine the effect of thermal annealing on
flexure strengths and incremental electrica! resistance profiles indicated thot the increase in
strength in the 0-10 region was probebly due to o radiction effect which appea:ed to be of
varying magnit..de with respect to the core rodius.

Minimum fiexure strengths were observed on the reactor elements ot axial
stations 20 to 25 and 35 to 45. The strength in these regions showed decreases vorying from
10 to 35 percent below the pretest average. Again the magnitude of the decrease in strength
appeared to be somewhat dependent on radial core vositions although the dependency wus not
as pronounced as was observed for the cold and strength increases described above. It wos
concluded from these data, thot the predominant factor causing the decrease in strength at
these axial locations was that of bore corrosion.

The orificed iength of 62 fuel elements was determined before and aofter the
reacter test. A general decrease in length was observed which ranged from 15-25 mils for
elements in the zenter region of the core to 2-7 mils for elements ot the core periphery. The
absence of corrosion at the exit faces of these elements and the temperature produced in the
fuel during the reactor rua indicate that the decreases are primarily due to graphitization
effects produced during the high-power reactor runs (EP-IV and EP-V).

i) Behavior of Peripheral Elements

The peripherol elements in NRX-A3 were surfoce coated with NbC. In generol,
heavy surface corrosion (channel exposure), as noted in NRX-A2 on uncected peripherai
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elements, did nct exist on the regular 19 hole peripheral elements. The performance of the
12 hole, portial elements was significantly worse thon the 19 hole peripheral elements.
Significent amounts of edge corrosion and channel exposure occurred on the partial elements
while the regular elements were essentially free of this effect. Coirosion and channel
exposure at the hot end was significontly less on the coated peripheral elements, i.e., 89.3
percent of the non-peripheral elements and only 25.2 percent of the peripheral elements
examined showed this effect. The improved performance of the regular NRX-A3 peripleral
elements over that of the uncooted NRX-A2 peripherul elements (3) points to the significant
role that the NbC coating plays in reducing surface corrosion phenomena in this critical area

of the core (reference 51).
Element weight loss determinations were measured only on the regulor, 19-hole

elements. A significant drop in weight loss occurred in the peripheral elements of NRX-A3,
i.e., an average of 4.5 grams per element for the peripherr| elements as opposed to on
average of 11.0 grams per element for non-peripheral elements.

Comparisons of pinhole occurrence on peripheral and non-peripheral fuel
elements in NRX-A3 indicated thot the NbC coatings did nct inhibit pinhole formation. The
fraction of peripheral elements which pinhoied (37. 1 percent) was not significantly different
than the fraction of second row elements which pinholed (40 percent). However, pinhole
severity (6.5) was higher than that observed on the zecond row elements (4. 5).

1) Overcooled Vs. Normmal Cooled Peripheral Fuel Element Performance

Overcooied elements showed less weight loss (4.8 gram overage) than the
normal-cooled elements (6.9 gram average). The most pronounced difference between these
elements was in pinhole occurrence. Fifty percent of the overcooled elements hod pinholed
whereas none of the normal cooled elements displayed this effect. A slight reduction in
surfuce cormosion effects was noted on second row eiements odjacent to overcooled elements
when compared to second rowm elements odjacent to the normal cooled elements. While heavy
tile pottem corrosion effects os seen in NRX-A2 were not observed on the NRX-~A3 peripheral
elements, there was an indicotion of slightly higher surtace corrosion effects on the second

row elements as opposed to the third and fourth row elements.
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2) Behavior of Elements Next to Pencil Seals

There was no marked reduction in surfoce corrosion on elements in the

region of the penc:l seals.

3) Behavior of Elements Graphitized in Helium at Y-12

A comparison was made between elements grapnitized in helium ot Y-12
and those graphitized in vocuvum at Cheswick. Twenty-three elements, approximately at the
some core radius were compu-d. These elements were all from the scme coating batch. The
elements grophitized in helium showed an average weight loss of 8.6 grams ond 53 percent
of them pirholed. The elements grophitized in vacuum had an average weight loss of 10
grems ond 12 percent of them pinholed.

4) Behavior or Y-12 Elements

The behavior of the Y-12 elements in NRX-A3 was not significantly

different thon that of the Cheswick elements with respect to pinhole formation, surfoce

corrosion and hot end corrosion effects. However, these elements in genera! showed o
significontly higher weight lcss when compared with Cheswick elements at the same core
radius. The Y-12 elements had an average weight loss of about 16 groms per element, while

the Cheswick elements hcd on average weight loss of 10 grams per element at a core radius of
35cm.
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